Introduction otic cells. The fourth, DMC1, is expressed only in meiotic cells (Bishop et al., 1992) . In addition, in vitro strandFrom bacteria to mammals, genetic recombination plays exchange activity has been demonstrated for Rad51 an important role in the repair of DNA damage induced (Sung and Robberson, 1995) . Despite the sequence and by defects during replication. For example, mutations functional similarities between RecA and its yeast homoin DNA polymerases, ligases, topoisomerases, and DNA logs, mutations in these yeast genes fail to produce helicases all lead to increased mitotic recombination a dramatic reduction in certain mitotic recombination (for reviews, see Klein, 1995; Rothstein and Gangloff, events (McDonald and Rothstein, 1994; Rattray and 1995) . Furthermore, the viability of some replication mu- Symington, 1995; Sugawara et al., 1995) . On the other tants is also dependent on recombination (Montelone hand, Rad52, a protein that catalyzes strand annealing et al., 1981; Cao and Kogoma, 1995) . Even in wild-type in vitro (Mortensen et al., 1996) , plays a more important cells, recombination is used to ensure the completion of role in many mitotic recombination events, suggesting replication. This has been demonstrated in prokaryotic alternative pathways for the formation of Holliday juncorganisms, where bacteriophage T4 uses recombination tions in yeast. to initiate replication (Kreuzer and Morrical, 1994) , and
To detect Holliday junctions in mitotic cells, we took in Escherichia coli, which uses recombination to restore advantage of the S. cerevisiae rDNA array, which concollapsed replication forks (for review, see Kuzminov, tains 100-250 potential recombination substrates per 1995).
haploid genome. Examining rDNA fragments on 2-D In eukaryotic organisms, less is known about the role gels, we detected xDNA molecules that have the preof recombination during replication. Nonetheless, it is dicted properties of Holliday junctions. This recombinathought that recombination between sister chromatids tion intermediate reaches its highest level during S is responsible for the repair of lesions during replication phase and is further stimulated by mutations in yeast (Kadyk and Hartwell, 1992) . Genetic detection of sister polymerase ␣ and ␦ complexes, but not by mutations chromatid recombination is difficult because these in the polymerase ⑀ complex. Lastly, the elevated level events often occur between two perfectly aligned sister of Holliday junctions is dependent on RAD52, but not chromatids. As a consequence, they do not lead to a on the three mitotically expressed RecA homologs, supgenetic alteration and thus are not detected by most porting a critical role for Rad52 protein during joint molecule formation. recombination assays. Genetic studies on sister chromatid recombination often use assays that detect reResults combination between misaligned sister chromatids (Szostak and Wu, 1980; Fasullo and Davis, 1987) . How-X-Shaped rDNA Molecules Are Detected ever, since unequal events likely reflect a small portion in S-Phase Mitotic Cells Wild-type cells were synchronized in G1 with ␣ factor and, after release from arrest, samples were taken at *To whom correspondence should be addressed.
( Table 1) . Interestingly, when the ratio of xDNA versus yDNA (x/y ratio) was calculated for each time point, we found that, at early-and mid-S phase, the x/y ratio is lower than that at late-S phase. This may be explained by the hypothesis that xDNA is resolved later than replication forks and consequently, at late-S phase, there are many fewer forks, while xDNA levels are only moderately reduced.
Mutations in the DNA Polymerase ␣ Complex Increase xDNA In unsynchronized log phase cultures, the level of xDNA is so low that the spike signal is barely detectable (data not shown). This provides an opportunity to screen for strains (Hartwell, 1967) was screened by 2-D gel electrorepresents a series of X-shaped DNA molecules with the same mophoresis (see Experimental Procedures) and three mrx lecular weight, and the "arc" signal represents a series of Y-shaped replication forks (for details, see Brewer and Fangman, 1987 Foiani et al., 1994) . We text for details).
therefore renamed this allele pol12-100. The strain was made congenic to our W303 background (Thomas and Rothstein, 1989) by eleven backcrosses, and subsevarious time points to isolate genomic DNA. All manipuquent analyses were performed in this strain or its derivlations were performed with DNA embedded in agarose atives. blocks to preserve its original conformation (see ExperiAt the permissive temperature (23ЊC), pol12 mutants mental Procedures). X-shaped rDNA molecules were grow at the same rate as wild-type cells. At a semiperseparated from other DNA species by native 2-D gel missive temperature (30ЊC), they grow at 50% of the electrophoresis ( Figure 1 ) and were detected as a spike rate of their wild-type counterparts and, at the restrictive signal on a genomic blot using radioactive rDNA as a temperature (37ЊC), they grow no more than three generprobe. As shown in Figure 2 , xDNA is detected only ations, eventually arresting at S phase. At both the perduring S phase, suggesting that its formation is stimumissive and semipermissive temperatures, the level of lated during replication. This was confirmed by quantixDNA is stimulated but to a lesser extent than at 37ЊC. tating the level of xDNA molecules and Y-shaped repliNeither X-ray nor UV sensitivity was observed at 23ЊC cation intermediates (yDNA) detected at each time point or 30ЊC. using the total amount of rDNA as an internal standard
To determine whether the increase in xDNA in the pol12 mutant strain is due to the absence of its specific 
Increase in xDNA
c The x/y ratio is determined by dividing the total counts from the The observations described above lead us to favor the ''spike'' signal by the total counts from the arc signal.
hypothesis that DNA synthesis itself is a prerequisite for the increase in xDNA. To test this idea, we analyzed a catalytic subunit of polymerase ⑀ ( Figure 3B ), or Dpb2, an essential subunit of polymerase ⑀. In all cases, Y-shaped group of mutants that arrest the cell cycle before, during, or after replication at the nonpermissive temperature replication intermediates were detected at similar levels (data not shown), confirming that these mutants all ar-( Table 2) .
We first analyzed mutations that block the initiation rest at S phase at the nonpermissive temperature. These results indicate that malfunction of certain steps during of replication. The ORC2 and ORC5 genes encode subunits of the replication origin-recognition complex (Bell DNA synthesis performed by polymerase ␣ and ␦ but not ⑀ leads to an increase in xDNA. In addition, these and Stillman, 1992). We did not see any increase in xDNA in either single mutants (orc2 and orc5) or double results reveal that S-phase arrest alone is not sufficient to cause an elevation in xDNA. mutants (orc2 pol12 and orc5 pol12). Therefore, increases in xDNA appear only after the initiation of repliWe also examined mutations that affect other aspects of replication. For example, we analyzed xDNA levels in cation.
We next tested mutants that are defective in two other strains harboring the cdc9-1 allele. CDC9 encodes DNA ligase involved in joining Okazaki fragments during lagpolymerases (␦ and ⑀) that are also involved in replication (for review, see Campbell, 1993; Sugino, 1995) . Inging strand synthesis. The levels of xDNA are stimulated in cdc9 mutants, suggesting that unfilled nicks and/or creased xDNA was observed in strains containing mutations in the catalytic subunit of polymerase ␦ (Cdc2) but, gaps during replication lead to elevated levels of xDNA. Finally, we examined the effect of cdc13 and cdc20 surprisingly, not in strains defective in either Pol2, the The levels of xDNA in all the strains in this table were examined after 5 hr incubation at the nonpermissive temperature (37ЊC). a ''Yes'' indicates that the levels of both xDNA and Y-shaped replication intermediates are similar to that observed in pol12 mutants ( Figure  3A) ; ''No'' indicates that the levels of both xDNA and Y-shaped replication intermediates are similar to that observed in pol2 mutants ( Figure  3B ). b Two alleles of pol2 were examined: pol2-18 and pol2-11 (see Table 3 ).
they behaved identically (the data for pol2-18 is shown in Figure 3 ).
In contrast, the level of xDNA in dpb2 pol12 double mutants is similar to that seen in pol12 mutant strains (data not shown), suggesting that, although Dpb2 is a subunit in the polymerase ⑀ complex, it is not involved in the formation of xDNA. Further evidence for a functional difference between these two subunits is observed during growth at the permissive temperature: dpb2 pol12 To confirm that the xDNA molecules observed in pol12 mutants are Holliday junctions, we assayed whether they can be resolved by branch migration and by the mutations that arrest the cell cycle in G2 but are not RuvC enzyme, an E. coli Holliday junction-specific endodirectly involved in rDNA replication (Sethi et al., 1991; nuclease (Dunderdale et al., 1994) . For this assay, the Garvik et al., 1995) . At the nonpermissive temperature, agarose slice from the first-dimension gel electrophoreno elevated level of xDNA was observed in these two sis was incubated in the conditions described below mutants, suggesting that even prolonging the time that that allow resolution of Holliday junctions. After incubasister chromatids remain associated does not stimulate tion, the slice was electrophoresed in the second dimenthe level of xDNA. sion. A linear resolved DNA fragment will be detected as a "dot" (indicated by the arrow) below the "fading" Differential Effects of Mutations in Polymerase spike signal (Figure 1 ). We incubated the agarose slice ⑀ Subunits on pol12-Stimulated xDNA in the presence of Mg 2ϩ for 5 hr at three different temperUnlike mutations in the other two polymerases, defects atures. As the temperature was increased, more xDNA in the polymerase ⑀ complex fail to stimulate the level of molecules were resolved, and almost no xDNA was left xDNA in yeast rDNA. Either lesions caused by a defective after incubation at 65ЊC ( Figures 4A-4C ), indicating that polymerase ⑀ are never channeled into xDNA intermedixDNA can branch migrate like Holliday junctions (Panyuates, or the function of polymerase ⑀ itself is necessary tin and Hsieh, 1994). Additionally, more xDNA was refor the formation of xDNA. To test these models, polysolved in Na ϩ -containing buffer than in Mg 2ϩ -containing merase ⑀ subunit mutations (pol2 and dpb2) were introbuffer at the same temperature (data not shown), duced into pol12 background, where high levels of xDNA precisely what has been demonstrated for synthetic are observed. If the first model is correct, we expect the Holliday junctions in vitro (Panyutin and Hsieh, 1994) . same levels of xDNA in the double mutants as in pol12
Similarily, we showed that xDNA molecules from synsingle mutants. If the second model is correct, we expect chronized wild-type cultures also undergo spontaneous reduced levels of xDNA in the double mutants.
branch migration at 65ЊC in Na ϩ -containing buffer (FigAt 37ЊC , the levels of xDNA in five independent pol2 ures 4E-4H). Finally, we found that approximately 60% pol12 double mutants are reduced between 6-and 14-of the xDNA is cleaved by RuvC enzyme at 37ЊC for 5 fold (a representative is shown in Figure 3C ), consistent hr ( Figure 4D ), similar to that observed when synthetic with the idea that POL2 is somehow involved in the Holliday junctions are assayed (Dunderdale et al., 1994) . formation of elevated xDNA levels. However, the levels Based on these experiments, we conclude that xDNA of replication intermediates are also lower in all five molecules possess the properties of Holliday junctions. double mutants. Since replication is a prerequisite for the increase in xDNA, this raises the possibility that the low levels of xDNA are due to fewer cells in S phase in
The Stimulated Holliday Junction in pol12 Mutants Is Dependent on RAD52 these strains. We calculated the x/y ratio since it reflects the amount of xDNA relative to the amount of replicating but Not RAD51, 55, 57 Since Holliday junctions can be readily detected in pol12 DNA. In all five double mutants, the x/y ratio ranges from 0.18 to 0.37, significantly less than the x/y ratio mutant yeast cells, several genes in the RAD52 epistatic group were analyzed for their role in the formation of this determined in a pol12 single mutant (1.3). Therefore, the levels of xDNA in the double mutants remain reduced, key recombination intermediate. Double-mutant strains containing null alleles of different rad mutants and even when taking the decreased levels of replicating DNA into consideration. The residual level of xDNA in pol12-100 were constructed. For the RAD52 gene, which encodes a central recombination protein (for review, see pol2 pol12 double mutants may be due either to the leakiness of the allele at 37ЊC or to some other cellular Petes et al., 1991) , the double mutants are viable but grow much slower than either single mutant. Holliday function that can replace, though inefficiently, the activity of Pol2 during xDNA formation. Since Pol2 is also junctions are barely detectable in these double mutants ( Figure 5B ). This indicates that Rad52 plays an important involved in sensing DNA damage, both the checkpoint proficient pol2-18 mutant and the checkpoint deficient role in xDNA formation and further supports the notion that these molecules are recombination intermediates. pol2-11 mutant (Navas et al., 1995) were analyzed, and Using the same strategy, the three mitotically exthe formation of Holliday junctions is dependent upon the function of a recombination protein, Rad52, providpressed yeast RecA homologs, RAD51, RAD55, and RAD57, were examined. The rad pol12 double mutants ing direct evidence that the observed xDNA is a recombination intermediate. The 2-D gel electrophoretic analyof each homolog exhibit pol12 levels of Holliday junctions (data not shown). To determine whether this is due sis also provides a simple molecular assay for genetic recombination, allowing the dissection of this process to functional redundancy, a pol12 rad51 rad55 rad57 quadruple mutant was constructed. Surprisingly, unlike at all stages of the mitotic cell cycle in yeast. rad52 pol12 double mutants, the quadruple mutant grows only slightly slower than wild-type cells. FurtherRecombination Intermediates Increase Spontaneously during Replication more, the level of xDNA molecules in the quadruple mutant ( Figure 5C ) is virtually the same as that seen
The analysis of synchronized wild-type yeast cultures showed that Holliday junction levels are highest in S in pol12 single-mutant cells ( Figure 5A ), indicating that Holliday junctions can form in the absence of all three phase, suggesting that more lesions are generated and/ or are channeled into the recombinational repair pathRecA homologs.
way(s) during replication. Replication-stimulated recombination is also observed in other eukaryotic systems Discussion (Young et al., 1984; Kawasaki et al., 1994) . The stimulated recombination may be due to at least three types Here we demonstrate that xDNA molecules are Holliday junctions. This was based on the continuity of all four of lesions encountered by the replication machinery ( Figure 6 ). First, when a replication fork encounters a strands revealed by 3-D gel electrophoresis (Zou and Rothstein, unpublished data; see Liang and Gerbi, 1994, nick on the template, the fork is interrupted, forming an intact chromatid and a broken sister (Skalka, 1974) . The for 3-D gel electrophoresis) as well as their resolution by branch migration and RuvC cleavage. In addition, collapsed replication fork can be rescued by homologous recombination-dependent DNA replication, a mechanism that has been observed in bacteriophage T4 (for review, see Kreuzer and Morrical, 1994 ) and E. coli (Asai et al., 1994) . The failure to rescue such events would lead to chromosome loss in one of the daughter cells and, for a haploid genome, cell death would occur. Second, recombination can be used to bypass a bulge in the template (for review, see Kogoma, 1997) . Third, in yeast, it has been shown that mismatched bases can stimulate recombination (Borts et al., 1990; Zgaga et al., 1991) . In all of these cases, recombination would be expected to result in the formation of a Holliday junction Holliday junctions during replication. In addition, the rein each panel is from hybridization with a unique sequence probe and was used as an internal standard.
duced viability in rad52 haploid cells and increased (Szostak et al., 1983) , is shown as an example.
chromosome loss in rad52 homozygous diploid cells in ⑀ mutants (Strand et al., 1993) . Also, the excision of a bacterial Tn5 transposon in yeast has been shown to (Mortimer et al., 1981) may be explained by their inability to use recombination to repair lesions. Furthermore, the occur at higher rates in mutants defective in either ␣ or ␦ but not polymerase ⑀ (Gordenin et al., 1992) . Here, we mutator phenotype of rad52 (Kunz et al., 1989) may result from the failure of recombinational repair to corfind that mutations in polymerase ␦ lead to increased Holliday junction formation, while disruption of replicarect postreplication errors. Finally, the viability of mutants defective in two replication genes, CDC9 and tion by mutations in polymerase ⑀ does not. These observations provide in vivo molecular evidence that the RAD27, requires a functional RAD52 (Montelone et al., 1981; Reagan et al., 1995) . two polymerases perform different functions during replication. The failure of mutations in polymerase ⑀ subunits to Specific Replication Defects Lead to Increased stimulate Holliday junctions can be explained by the Holliday Junctions following hypotheses. First, it was proposed that the ⑀ Our analysis of replication mutants revealed that only a complex is involved in elongation of the leading strand, subset of these mutations stimulates Holliday junction while the ␦ complex is responsible for lagging strand formation. In mutants that arrest their cell cycle before synthesis (Morrison et al., 1990) . Consistent with this (orc2 and orc5) or after (cdc13 and cdc20) S phase, view, disruption of leading strand synthesis would not no increased Holliday junction formation is observed. lead to gaps (Gordenin et al., 1992) , explaining the low Furthermore, xDNA is stimulated during replication in level of Holliday junctions. Second, a major role for the wild-type cells and in some mutants defective for replipolymerase ⑀ complex may be in essential DNA repair cation, suggesting that replication is necessary for the synthesis (Campbell, 1993) , which is supported by its increased Holliday junctions. However, mutations in presence in a recombination complex (Jessberger et pol2 and dpb2 do not cause increased Holliday junction al., 1993) . Disruption of this function would not lead to formation, demonstrating that S-phase arrest alone is Holliday junction stimulation. In fact, our results indicate not sufficient to stimulate recombination.
that the polymerase itself may be involved in Holliday In yeast, three DNA polymerases (␣, ␦, and ⑀) are junction formation, perhaps by extending the invading essential for cell growth, and all are required for in vivo strand(s) to stabilize a cross-strand structure. Interest-DNA synthesis (Budd and Campbell, 1993) . The polyingly, the stimulated levels of Holliday junctions in pol12 merase ␣ complex contains two associated primase mutants are not reduced in pol12 dpb2 double mutants, subunits (Plevani et al., 1984) and is believed to initiate indicating that the process does not involve Dpb2. Fithe synthesis of both leading and lagging strands. A nally, pol2 alleles were isolated that alter the induction defective polymerase ␣ may result in single-stranded of several DNA damage-inducible genes, implicating gaps, leading to the recombinogenic lesions that stimupolymerase ⑀ in sensing damage (Navas et al., 1995) . late Holliday junction formation. Polymerases ␦ and ⑀ Thus, the low level of Holliday junctions in pol2 single have been suggested to perform the elongation step of or pol2 pol12 double mutants might be explained by the replication; however, their specific roles are still controfailure to induce recombinational repair. We think this versial (for review, see Sugino, 1995) .
unlikely, since the checkpoint-proficient mutant, pol2-There is genetic evidence supporting the unique prop-18 (Figure 3) , displays the same phenotype as the checkerties of pol2 mutants. For example, dinucleotide repeat instability is increased in polymerase ␦ mutants but not point-defective pol2-11 mutant.
Rearrangement-Free Recombination

RAD52 Is Required for Holliday Junction Formation during Replication Since a major role of mitotic recombination is to repair
Many genes have been isolated that affect homologous both spontaneous and induced DNA damage (for review, recombination in yeast (for review, see Petes et al., see Friedberg et al., 1995) , the Holliday junctions ob-1991). Recent studies have focused on genes in the served in wild-type cells may represent recombinational RAD52 epistasis group (including RAD50, RAD52, repair of postreplication lesions. Ideally, recombina-RAD54, RAD55, RAD57, RAD59, MRE11, and XRS2), tional repair should only correct damage without introgiven their prominent roles in recombination and their ducing additional genetic alterations. This is not a probconservation in higher eukaryotic organisms. In our lem for unique sequences, since the only recombination study, four genes in this group (RAD51, RAD52, RAD55, substrate is found on the sister chromatid. However, and RAD57) were examined for their effect on Holliday most genomes contain repetitive sequences that can junction formation. The Rad51, Rad55, and Rad57 propotentially lead to deleterious rearrangements during teins share sequence similarity with the E. coli strandrecombinational repair. Therefore, it is important to regexchange protein, RecA, and three together are capable ulate recombination so that it is "rearrangement-free."
of catalyzing strand transfer in vitro (Sung and RobFor multiple tandem arrays, this is most easily accomberson, 1995; Sung, 1997) . Despite these similarities, plished by equal sister chromatid recombination in S or mutations in these RecA homologs do not affect sponta-G2 or gene conversion without crossing over in G1. We neous recombination as dramatically as RecA mutations propose that most recombinational repairs occurring do in E. coli. On the other hand, mutations in RAD52 during S phase in wild-type cells are between equally often demonstrate a profound effect on recombination aligned sister chromatids. (Petes et al., 1991) . The results presented here suggest Rearrangement-free recombination events are not dethat Rad52 protein, on its own or with other proteins, tected by standard genetic recombination assays, as can catalyze the formation of Holliday junctions even they do not result in the gain or loss of genetic informain the absence of the three RecA homologs. This is tion. On the other hand, some events, such as unequal consistent with observations using other mitotic recomsister chromatid recombination, can give rise to genetic bination assays, such as inverted repeat recombination rearrangements. By simply measuring Holliday junction (Rattray and Symington, 1995) and MAT switching on a formation, the overall level of recombination events can plasmid (Sugawara et al., 1995) , where completion of be determined, regardless of their genetic outcome. If recombination is dependent on RAD52 but not RAD51, these recombination events are largely rearrangement-RAD55, and RAD57. Recently, a RAD52 homolog, free, we expect their occurrence to be more frequent RAD59, was identified in yeast (Bai and Symington, than genetically determined marker loss events. To test 1996) . Mutations in this gene have no effect on the forthis hypothesis in wild-type cells, we estimated the nummation of Holliday junctions using the same assay deber of Holliday junctions using the average number of scribed here (Bai and Symington, personal communicareplicons in the rDNA array and the x/y ratio obtained tion). It is possible that other yet-to-be-identified gene(s) in our experiments. The size of rDNA replicons has been encodes a strand transfer activity. Nevertheless, the role shown to range from one to five rDNA repeats (Walmsley of Rad52 protein cannot be substituted by other proet al., 1984; Saffer and Miller, 1986; Brewer and Fangteins. man, 1988) , giving an average of three repeats. And, Molecular studies of mating-type switching have in our strains, the number of rDNA units in the array shown that RAD52 is involved in the step(s) prior to joint determined by CHEF gel electrophoresis is approximolecule formation (White and Haber, 1990) . Recently, mately 230 (Gangloff et al., 1996) . Thus, the average it has been demonstrated that Rad52 protein stimulates number of replication forks in rDNA is 77. To best reflect the rate of single-strand DNA annealing 3500-fold over the maximum number of replicons, we used the average the spontaneous rate (Mortensen et al., 1996) . Although x/y ratio at mid-S phase (0.0625), which was calculated no evidence yet indicates that Rad52 alone can catalyze from the 40Ј and 100Ј time points (Table 1) . Correcting strand exchange, the results presented here, combined the ratio for the molar differences between Holliday juncwith Rad52 annealing activity, strongly suggest that this tions and Y-shaped replication intermediates (0.75, see recombination protein may be involved in homologous Experimental Procedures), the average number of Hollipairing and/or strand exchange. We imagine that during day junctions in the rDNA array is 3.6. Next, the potential replication, but before chromatin structure assembly, number of deletion events in rDNA was estimated by Rad52 promotes annealing of an incoming strand with multiplying the rate of loss for a single marker in rDNA the complementary strand on its sister. Branch migra-(2.5 ϫ 10 Ϫ3 ) with the number of rDNA units in our strain tion and/or the subsequent extension of the incoming (230). Therefore, there are at most 0.57 deletion events strand by DNA polymerase would facilitate the formation in rDNA each cell cycle. Comparing this number with of stable Holliday junctions, thus bypassing the requirethe estimated number of Holliday junctions in rDNA (3.6), ment for strand exchange proteins such as Rad51. we conclude that almost 85% of the recombination events detected by 2-D gel electrophoresis do not lead
Experimental Procedures
to deletion of rDNA repeats, suggesting that recombina-
Yeast Strains and Genetic Methods
tional repair is largely rearrangement-free. Even in pol12
Strains used in this study are listed in Table 3 . Standard yeast mutants, almost 90% of the stimulated events are regenetic methods were used for the analysis of strains and crosses arrangement-free (average x/y ratio is 1.58 and the rate (Sherman et al., 1986 ). W1661-6C was obtained after five backcrosses between TC102-2D-2-12 (Navas et al., 1995) and W303 of marker loss is 4.6 ϫ 10 Ϫ2 ). (Araki et al., 1991) and W303 isogenic strains. W1731-15B was obtained after five backcrosses between YHA301 (Araki et al., 1992) and W303 isogenic strains. W1505-7A was obtained by Native Two-Dimensional Gel Electrophoresis crossing YAR186-73A (Rattray and Symington, 1995) to a pol12-100
The 2-D gel electrophoresis was performed as described by Brewer strain. and Fangman (1987) . After electrophoresis, DNA was blotted onto Hybond-Nϩ membrane following the alkali genomic blot transfer protocol described by the manufacturer (Amersham). Hybridizations Determination of the Mitotic Instability of rDNA with the rDNA probe (Gangloff et al., 1996) were performed acMitotic instability of rDNA is measured as the rate of loss of an cording to standard procedures (Sambrook et al., 1989) in a Hybaid ochre suppressor, SUP4-o, embedded in rDNA. This assay was oven. This probe detects the 3.4 kb NcoI and 3.0 kb SnaBI fragments, constructed by inserting an 882 bp SphI SUP4-o tRNA coding sewhich do not contain either the ARS or the replication fork barrier quence from plasmid pWJ445 (McDonald and Rothstein, 1994) into (Brewer and Fangman, 1988) . The membrane was next exposed on a the rDNA array. An integration construct was made by cloning the phosphor screen and the signal was detected by a PhosphorImager SUP4-o fragment into the SphI site in the rDNA sequence on plasmid 445SI (Molecular Dynamics). pSZ45 (a gift from J. Szostak, MGH) to create plasmid pWJ466. A 3 kb EcoRI-HindIII fragment containing SUP4-o embedded in rDNA was excised from pWJ466 and cotransformed with a URA3 marked Screen for Mutants with Elevated Levels of X-Shaped yeast centromere plasmid, YCp50, into W303-1B. Transformants DNA Molecules were selected on SC-URA medium and screened for the presence We screened 120 strains from a collection of temperature-sensitive of the SUP4-o marker. One such transformant, U803, was isolated, mutants previously isolated by Hartwell (1967) . Each strain was and the presence of SUP4-o in the middle of rDNA array was congrown overnight at 23ЊC to approximately 1 ϫ 10 8 cells/ml in 5 ml firmed by CHEF gel electrophoresis (data not shown).
of rich medium (YPD). Five strains were pooled and diluted into one Prior to measuring marker loss, strains containing the assay were 10 ml YPD culture at a concentration of 1 ϫ 10 6 cells/ml for each grown on SC-ADE medium to select for the presence of SUP4-o.
strain. To facilitate the identification of ts mutants, the pooled culCells from a single colony were resuspended in dH2O and plated tures were shifted to 37ЊC for 5 hr before chromosomal DNA was on medium with a limited amount of adenine. The fraction of redisolated. After 2-D gel analysis, four pools exhibited a significant white half-sectored colonies among the total number of white and increase in the amount of xDNA, and individual strains were analyzed sectored colonies was used to calculate the rate of marker loss.
further. For three of the pools, a single strain exhibited a high level of xDNA. In the fourth pool, three strains exhibited slight increases in the level of xDNA and were not further analyzed. Yeast Chromosomal DNA Isolation and Enzymatic Digestion Overnight cultures were diluted with YPD to approximately 5 ϫ 10 6 cells/ml and grown for two more generations. Cells were harvested
In Vitro Resolution of Holliday Junctions Spontaneous branch migration was performed by incubating the immediately, or, for temperature-sensitive mutants, after 5 hr incubation at desired temperature. Agarose blocks were prepared using agarose slice from the first-dimension gel electrophoresis in a buffer containing either (1987) . Recombinational substrates intermediates differ between samples, the x/y ratio (Holliday junction designed to study recombination between unique and repetitive divided by replication intermediate) was also compared. Quantitasequences in vivo. Proc. Natl. Acad. Sci. USA 84, 6215-6219. tion was performed using Molecular Dynamics' ImageQuantNT (VerFoiani, M., Marini, F., Gamba, D., Lucchini, G., and Plevani, P. (1994) . sion 4.1).
The B subunit of the DNA polymerase ␣-primase complex in SacThe number of xDNA molecules during S phase in rDNA in wildcharomyces cerevisiae executes an essential function at the initial type cells was estimated using the x/y ratio. Since each xDNA stage of DNA replication. Mol. Cell. Biol. 14, 923-933. molecule constitutes twice the molecular weight of the analyzed Friedberg, E.C., Walker, G.C., and Siede, W. (1995) . DNA Repair and restriction fragment, while the average replication fork equals oneMutagenesis (Washington, D.C.: American Society for Microbiand-a-half times the molecular weight of the same fragment, a corology). rection factor (1.5/2 ϭ 0.75) for this molecular weight difference was used. Therefore, the number of xDNA molecules can be calculated Gangloff, S., Zou, H., and Rothstein, R. (1996) . Gene conversion as (0.75) · (x/y ratio) · (the number of replicons in rDNA).
plays the major role in controlling the stability of large tandem repeats in yeast. EMBO J. 15, 1715 EMBO J. 15, -1725 
